Abstract The Red Lake greenstone belt is situated in northwestern Ontario within the Uchi Subprovince, Superior Province. Most gold deposits therein are associated with major deformation corridors; the east-west oriented BMine trendĥ osts most of the large deposits and the northeast-southwest BEast Bay trend^hosts several small deposits and showings. Gold along the East Bay trend typically occurs in quartz replacement veins that were emplaced into pre-existing quartzcarbonate veins. Gold can occur as free gold or along vein margins associated with pyrite and pyrrhotite. Most primary fluid inclusions, preserved in relatively undeformed portions of veins, are carbonaceous with lesser quantities of aqueous inclusions. The average homogenization temperature of aqueous fluids is~250°C; however, the abundance of three-phase inclusions, variation in liquid-vapor ratios, and a wide range in homogenization temperatures indicate that immiscibility, effervescence, and fluid mixing are mechanisms associated with gold deposition. The age (~2550 Ma) of alteration minerals in the Abino area is considerably younger (by~100 Myr) than alteration minerals in other deposits in the Red Lake district, indicating that the mineralizing fluid history was more protracted than previously thought. Along the East Bay trend, barren veins generally have lower δ
Introduction
The Red Lake greenstone belt in Ontario is one of Canada's premier gold-producing regions. The Red Lake Gold Mines have produced over 27 million ounces of gold (Lichtblau et al. 2012) . The largest mines occur along an east-west corridor (known as the BMine trend^) of variably deformed rocks. This trend has been the focus of most of the exploration over the past 40 years (Lichtblau et al. 2016) . However, a similar northeast-southwest corridor, known as the BEast Bay trend,ĥ as remained relatively under-explored. The East Bay deformation zone (East Bay trend) represents a large structural corridor that parallels the East Bay (EB) of Red Lake and is interpreted to be a manifestation of the regional D 1 structure (Sanborn-Barrie et al. 2001 ) that crosscuts this complexly folded greenstone belt. The southernmost 8 km of this corridor is host to a variety of small gold deposits that represent an assortment of mineralization styles. The genesis of these deposits and showings is poorly understood. Therefore, the objective of this study is to characterize barren and auriferous fluids using petrography, fluid inclusions, geochronology, stable isotopes, and by comparing barren and auriferous veins from deposits along the East Bay trend.
Geologic setting
The Archean Red Lake greenstone belt is located in the western portion of the Uchi Subprovince of the Superior Province, NW Ontario ( Fig. 1 ; Dubé et al. 2004; Tarnocai 2000) . The belt is 48 km long, 26 km wide, and covers an area of 880 km 2 (Sanborn-Barrie et al. 2001) . The East Bay trend begins near the village of Cochenour, 6 km northeast of the town of Red Lake, and forms an 8-km corridor that continues northeast parallel to the East Bay of Red Lake (Fig. 1) .
The supracrustal rocks of the greenstone belt are divided into two sequences, the Mesoarchean and the Neoarchean assemblages 1 each preserving three well-defined assemblages (Tarnocai 2000) . Mesoarchean rocks are the dominant rock type in the belt and consist of (i) the Balmer assemblage (>2.99 Ga) dominated by mafic-ultramafic volcanic rocks, (ii) the Ball assemblage (2.92 to 2.94 Ga) of intermediate to felsic calc-alkaline extrusive rocks and pyroclastic rocks, and (iii) the Bruce Channel assemblage (2.89 Ga) of intermediate calc-alkaline pyroclastic rocks overlain by clastic sedimentary rocks and banded iron formation ( Fig. 1) (Sanborn-Barrie et al. 2001; Dubé et al. 2004) . A regional angular unconformity separates the underlying Mesoarchean rocks from the upper Neoarchean volcanic rocks. The Neoarchean rocks, which are less abundant than the Mesoarchean rocks, begin with (i) the Confederation assemblage (2.74 to 2.75 Ga), which consists of calc-alkaline and tholeiitic volcanic and volcaniclastic rocks, overlain by (ii) the Huston assemblage (2.73 to 2.74 Ga) composed of polymictic conglomerate and finer clastic sedimentary rocks, and (iii) the Graves assemblage (2.73 Ga) comprising calc-alkaline rocks ( Fig. 1 ; Dubé et al. 2004; Sanborn-Barrie et al. 2004) .
The Red Lake greenstone belt records evidence of several deformational episodes, which relate to extensive hydrothermal activity and gold mineralization (Dubé et al. 2004 ). The earliest recognized deformation (D 1 ) appears to have involved recumbent folding of the ca. 2.99-Ga Balmer assemblage prior to Neoarchean volcanism at ca. 2.75 Ga .
Two major deformational episodes (D 2 and D 3 ) have been identified predominantly within the Neoarchean assemblages and are consequently thought to have taken place after ca. 2.75-Ga volcanism (Sanborn-Barrie et al. 2001) . The first of the two Neoarchean deformations (D 2 ) developed north trending, south plunging (F 2 ) folds and associated fabrics (S 2 and L 2 ). These F 2 folds are best developed in the clasticdominated assemblages, whereas S 2 cleavage is best seen in the volcanic-dominated assemblages ). In addition, southeast trending F 2 folds and fabrics produce the Red Lake Mine trend in the eastern regions of Red Lake . This deformational event is bracketed between the deformed ca. 2.74-Ga Confederation volcanic rocks and the undeformed ca. 2.73-Ga Graves volcanic rocks (Sanborn-Barrie et al. 2001 ). These deformational events may be related to changes in plate dynamics, such as shallowing of the northward subducting angle resulting in upper plate compression and a shift in location for magmatic activity further to the north .
The D 2 structures are overprinted by the second Neoarchean deformational episode (D 3 ) with an east to northeast orientation in western Red Lake. Clastic rocks best demonstrate the F 2 and F 3 folds. The northeast trending F 2 folds have moderate to steep (75-85°) plunges to the south, whereas the southeast trending F 3 folds have a moderate plunge (~45°-65°) towards the southwest .
The progressive change in orientation across the Red Lake region of the S 2 fabrics from northeast triking to southeast striking S 2 (Mine trend), with no evidence of an overprinting relationship, indicates coeval formation throughout D 2 . The timing of D 2 deformation is constrained by the regionally extensive D 3 fabric in the ca. 2.72-Ga Dome stock. Xenoliths of the adjacent supracrustal rocks in the stock preserve a strong S 2 fabric, whereas the stock itself preserves a weak foliation that is coplanar with the regional S 2 fabric ). These relations indicate that the main cleavage-forming stage of D 2 pre-dates the 2.72-Ga Dome stock. The penetrative D 2 fabric throughout the Red Lake belt is interpreted to have resulted from the collision during the Uchian phase of the Kenoran orogeny (ca. 2.72 to 2.71 Ga), which involves collision along the North Caribou Terrane margin (Fig. 1) forming the Red Lake greenstone belt, followed by collision of the ca. 3.40-Ga Winnipeg River Terrane to the south (Chi et al. 2009; Dubé et al. 2004; Sanborn-Barrie et al. 2004 ).
The regional metamorphic grade (M 1 ) of the belt prior to batholithic emplacement was greenschist facies (assemblage of actinolite-epidote-chlorite-albite; Thompson 2003) and is related to orogenic events of D 1 . Narrow amphibolite-facies (hornblende and aluminous alteration) contact metamorphic aureoles (M 2 ) occur adjacent to syn-orogenic stocks (Thompson 2003) . The metamorphic grade in the belt increases to amphibolite facies (hornblende and actinolite) towards the margins (M 3 ) and is attributed to the thermal effects of batholithic emplacement from post-orogenic intrusions (Thompson 2003) . The rocks in the central regions of the belt retained greenschist-facies mineral assemblages, as they were unaffected by the thermal aureoles of intrusions (SanbornBarrie et al. 2004; Thompson 2003) . Regional metamorphism peaked during the main Uchian orogenic phase and is associated with ductile deformation due to crustal shortening and thickening (Chi et al. 2009 ).
Most of the major gold deposits in the Red Lake district are hosted in the ca. 2.99-Ga Balmer assemblage, where it is in proximity to the regional unconformity between the Balmer and the ca. 2.75-2.74-Ga Confederation assemblage (Dubé et al. 2004; Sanborn-Barrie et al. 2001) . The fact that these gold deposits are either hosted in amphibolite-facies rocks (Madsen Mine) or primarily in rocks that reflect the amphibolite-greenschist facies boundary isograd (Red Lake deposit) suggests that major deposition of gold is closely related to peak metamorphism throughout the Red Lake region (Dubé et al. 2004; Tarnocai 2000) .
Analytical techniques
Representative samples of barren and auriferous veins (based on fire assay results, Electronic supplementary materials [ESM 1: Table S1 ], and company data; a value of 0.1 oz./t was used as the cutoff value), alteration halos, and host rocks from the EB area were collected and studied using petrography, fluid inclusion analysis, isotope analysis, and geochronology. The location of samples and a brief description of each showing is presented in the Electronic supplementary materials (ESM 1).
Fluid inclusions
Fluid inclusions were studied using a FLUID Inc., USGStype, heating/freezing system at the University of Manitoba. The system is equipped with a Doric Trendicator calibrated for temperatures from −190 to 700°C. The stage was calibrated before each use with synthetic fluid inclusion standards at −56.6°C (CO 2 ), 0.0°C, and 374.1°C (H 2 O). The FLUID Inc., stage is expected to provide an accuracy of ±1.0°C for total homogenization (from 100 to 450°C), ±0.2°C for CO 2 melting temperatures, and ±0.1°C for ice and clathrate melting. Inclusions were measured and examined using the fluid inclusion assemblage (FIA) method (Goldstein and Reynolds 1994) to acquire representative microthermometric data. The FIA method was not always possible due to limited presence of quality primary inclusions and the use of isolated or randomly distributed inclusions that were constrained using adjacent inclusions. Inclusions with a large variation of homogenization temperatures were considered to have undergone post-depositional modification (Kontak et al. 1990 ). Once the melting and homogenization temperatures were acquired from cooling and heating analyses, salinity was determined from the inclusion data. The microthermometric data were modeled using FLUIDS and CLATHRATES software packages of Bakker (1997 Bakker ( , 2003 to determine salinity for the various fluid inclusion assemblages.
Stable isotopes
The carbon and oxygen isotopic compositions of ferroan dolomite and ankerite in carbonate veins were measured at the G.G. Hatch Isotope Laboratory, University of Ottawa. Approximately 55 mg of powder from each sample was sent for analysis, and the accuracy of measurements is ±0.1 and ±0.2‰ for δ 13 C VPDB and δ 18 O VPDB , respectively. Isotope work was conducted using blind standard C-44 with δ 13 C VPDB of −1.77, n = 2, standard deviation = 0.08, and δ
18
O VPDB of −21.96, n = 2, standard deviation = 0.09. The stable isotopic composition of quartz, tourmaline, and sulfides was determined by secondary ion mass spectrometry (SIMS) at the University of Manitoba. Spot-to-spot reproducibility (1σ error) for δ
O VSMOW in quartz, elbaite, and dravite standards was 0.6, 0.8, and 1.6‰, respectively. The spot-to-spot reproducibility (1σ error) for sulfur isotopes in the pyrite standard was 0.3‰. Precision for individual analyses was 1.0 and 1.2‰ for δ 18 O (quartz and tourmaline, respectively) and 0.6‰ for δ 34 S CDT (pyrite). Fluid temperatures of quartztourmaline veins were calculated using the quartz-tourmaline oxygen isotope geothermometer of Blamart (1991) , and fluid oxygen isotopic compositions were calculated using the quartz-water fractionation factor of Zheng (1993) .
U-Pb geochronology
The U-Pb geochronology utilized the Sensitive High Resolution Ion Microprobe (SHRIMP II) at the Research School of Earth Sciences (RSES) at Australian National University. This largediameter, double-focusing secondary ion mass spectrometer instrument was used to image and analyze a variety of small titanite grains. Standard analytical protocols described by Williams (1998) were used. The data were reduced in a manner similar to Williams (1998) and using the SQUID I Excel Macro of Ludwig (2001) . Concordia plots, regressions, and any weighted mean age calculations were carried out using Isoplot/Ex 3.0 (Ludwig 2003 Ar method at the University of Nevada Las Vegas were wrapped in Al foil and stacked in 6-mm-inside-diameter sealed fused silica tubes. Individual packets averaged 3 mm thick and neutron fluence monitors (77-600 hornblende) were placed every 5-10 mm along the tube. Synthetic K-glass and optical grade CaF 2 were included in the irradiation packages to monitor neutron-induced argon interferences from K and Ca. Loaded tubes were packed in an Al container for irradiation. Samples irradiated at the US Geological Survey TRIGA Reactor, Denver, CO, were incore for 25 h in the In-Core Irradiation Tube (ICIT) of the 1-MW TRIGA-type reactor. Correction factors for interfering neutron reactions on K and Ca were determined by repeated analysis of K-glass and CaF 2 fragments. Measured . J factors were determined by total fusion of neutron fluence monitors. Variation in neutron fluence along the 100-mm length of the irradiation tubes was <4%. MATLAB curve fit was used to determine J and uncertainty in J at each standard position.
Irradiated CaF 2 and K-glass fragments were placed in a Cu sample tray in a high-vacuum extraction line and were fused using a 20-W CO 2 laser. Sample viewing during laser fusion was by a video camera system and positioning was via a motorized sample stage. The 77-600 hornblende standards and samples were analyzed by the furnace total fusion and step heating method utilized a double-vacuum resistance furnace similar to the Staudacher et al. (1978) design. Reactive gases were removed by three GP-50 SAES getters prior to being admitted to a MAP 215-50 mass spectrometer by expansion. The relative volumes of the extraction line and mass spectrometer allow 80% of the gas to be admitted to the mass spectrometer for laser fusion analyses and 76% for furnace heating analyses. Peak intensities were measured using a Balzers electron multiplier by peak hopping through 7 cycles; initial peak heights were determined by linear regression to the time of gas admission. Mass spectrometer discrimination and sensitivity were monitored by repeated analysis of atmospheric argon aliquots from an online pipette system. Measured 40 Ar/ 36 Ar ratios were 275.55 ± 1.37% during this work; thus, a discrimination correction of 1.073 (4 amu) was applied to the measured isotope ratios. The sensitivity of the mass spectrometer was~6 × 10 −17 mol mV −1 with the multiplier operated at a gain of 36 over the Faraday. Line blanks averaged 3.45 mV for mass 40 and 0.01 mV for mass 36 for laser fusion analyses and 7.47 mV for mass 40 and 0.03 mV for mass 36 for furnace heating analyses. Discrimination, sensitivity, and blanks were relatively constant over the period of data collection. Computer automated operation of the sample stage, laser, extraction line, and mass spectrometer as well as final data reduction and age calculations were done using LabSPEC software written by B. Idleman (Lehigh University). An age of 418.3 Ma (Spell and McDougall 2003) was used for the 77-600 hornblende fluence monitor in calculating ages for samples.
Results

Petrography
Alteration along the East Bay area is pervasive, and the degree to which the host rock is affected is defined by the proximity to veins or intrusions. The earliest widespread alteration event (stage 1) in the Red Lake Belt is represented by Fe-dolomite/ ankerite veins (1 to 15 m in width) that are generally barren (Fig. 2) . Veins are generally associated with centimeter-to meter-wide shear zones in Balmer basalt, have a northeast trend, and dip moderately to steeply to the northwest. Textures in the veins are colloform-crustiform that are occasionally overprinted by carbonate breccia zones. Other alteration minerals are chlorite, which is pervasive throughout the region, sericite, biotite, and in rare instances fuchsite (Fig. 3) . Micaceous alteration halos can be quite wide (1-5 m) and are more prevalent in the altered ultramafic rocks of East Bay. The early stage carbonate veins are overprinted by a variety of quartz-dominated veins (Fig. 2) that are continuous at the outcrop scale, have widths ranging up to 2 m, and silicified the surrounding country rocks. The earliest quartz veins (stage 2) are barren and cut by auriferous quartz ± sulfide veins (stage 3a) that typically occur as fault-filling (crack-seal veins) and open-space filling. These gold-bearing veins are similar to occurrences at the Red Lake Gold Mine (Tarnocai 2000; Dubé et al. 2001) . Auriferous quartz-actinolite veins (stage 3b) form extensive (>100 m) lens-shaped bodies that are commonly 1-6 m wide (Marsden 2012) . Quartz-tourmaline veins (stage 4) are pervasive throughout most of the East Bay area and the Red Lake greenstone belt (Fig. 2) . These veins are typically narrow (1-30 cm), laterally continuous, and contain between 2 and 10 vol% fine-grained tourmaline. In some rare instances, tourmaline content of these veins can be as high as 40-60 vol%. Elbaite and dravite are the predominant tourmaline species and are in textural equilibrium with quartz. Quartz-tourmaline veins are commonly located within or adjacent to the early carbonate veins throughout East Bay. The quartz-actinolite veins appear to be associated with the mainore fluid event at the Red Lake Gold Mine, whereas quartztourmaline veins generally crosscut the main gold-bearing veins (Penczak 1996; Marsden 2012) . The mineral paragenesis is shown in Fig. 4 .
Fluid inclusion analysis
Samples of barren (stage 2) and auriferous (stage 3) quartz veins, as well as quartz-tourmaline veins (stage 4), were chosen for fluid inclusion analysis. Isolated fluid inclusions and those in small clusters hosted within the least deformed quartz grains are considered primary inclusions (Fig. 5a ). Secondary inclusions typically occur along healed fractures producing distinct trails of inclusions (Fig. 5b) . These secondary inclusion trails commonly form in an en-echelon pattern producing a series of crosshatched trails. Primary and secondary fluid inclusions are typically 5-45 μm in size.
Carbonic inclusions are pervasive and the dominant component of the Red Lake fluid system (Tarnocai 2000; Chi et al. 2002 Chi et al. , 2010 . Aqueous inclusions are much less common, but nevertheless, represent an important component in the auriferous samples throughout the EB area. Three-phase inclusions (H 2 O + CO 2 + vapor) are the most common type of inclusions in the auriferous (stages 3-4) veins and are much less abundant in barren veins (stage 2). These three-phase inclusions also occur in quartz and quartz-tourmaline veins from the southern East Bay area. Although CO 2 fluid inclusions are the most common types of inclusions, contrary to previous studies (Chi et al. 2002 (Chi et al. , 2006 , aqueous inclusions have been identified in auriferous veins.
Upon melting, the CO 2 -rich inclusions changed phase within 3°of pure CO 2 (−56.6°C), indicating that CO 2 is the dominant component of the fluid. The freezing temperature is slightly lower than for pure CO 2 , and indicates small amounts of CH 4 , which is corroborated by Raman spectroscopy. Homogenization temperatures are more variable, ranging from −9.4 to 29.0°C, which is within the range of pure CO 2 .
Each deposit area along East Bay is characterized by distinct types of fluid inclusions, and the results are summarized in Table 1 . The Tuckers Knob area consists of numerous large (15-40 μm) primary stage 4 inclusions and small (5-15 μm) secondary inclusions in the quartz-tourmaline veins (stage 4). These primary inclusions have variable vapor-liquid ratios and are generally three-phase (H 2 O + CO 2 + vapor).
Fluid inclusions from the Marboy (McMarmac mine) area are three-phase inclusions that occur in both barren and auriferous veins and are the dominant type of inclusion. The liquidvapor ratio from the auriferous sample is uniform, only varying by~10%. In contrast, the inclusions in the barren sample have ratios that vary by up to 50% in vapor content.
Primary fluid, three-phase inclusions from the Chevron deposit are~10-40 μm in size, whereas secondary inclusions are smaller (~5-20 μm). Both of these inclusion types occur in auriferous and barren samples (stage 2 and 3 quartz, respectively). Primary, CO 2 -rich, and aqueous inclusions from the auriferous and barren veins have similar average Tm values (Table 1) . Secondary inclusions have lower temperatures of Tm and Th compared to primary fluid inclusions. Average salinity for primary inclusions from auriferous samples is similar to the salinity from primary inclusions in barren veins. Average salinities for secondary inclusions in auriferous samples are much higher, whereas barren samples have secondary inclusions with the lowest salinities ( Table 1) .
The Abino area has small and rare secondary fluid inclusions (~5-25 μm) in stage 2 and 3 veins. Primary inclusions were not preserved. Aqueous and CO 2 -rich fluid inclusions with relatively constant liquid-vapor ratios are the dominant inclusions at Abino. O values of tourmaline and quartz in stage 4 veins from Marboy and Abino are very similar, 9.3 ± 1.6 and 17.3 ± 1.2‰ and 9.6 ± 0.8 and 17.7 ± 1.2‰, respectively (Table 4) . A temperature of crystallization of~220°C is calculated using these values and fractionation factor of Blamart (1991). − no inclusions found, + inclusions present, and the number of crosses representing relative abundance a Post-depositional modification of samples indicates that this area has undergone a later disruption, affecting the reliability of these fluids Using the equilibrium temperature and the quartzwater fractionation factor of Zheng (1993) , the δ 18 O value for the fluid that precipitated quartz and tourmaline is calculated to be 7.0‰ at Marboy and 7.2‰ at Abino. These values are similar to values reported for quartz-tourmaline veins at the Buffalo mine (5.6 to 7.1‰; Chi et al. 2010 ).
U-Pb geochronology
Titanite (25-150 μm) and quartz in stage 3a veins from the Duchesne area of the East Bay trend appear to be contemporaneous based on textural relations. Uranium and lead isotopic ratios (ESM 2), 206 Pb/ 238 U and 207 Pb/ 235 U, for two titanite grains were plotted on a concordia diagram (Fig. 7) . The 11 analyses are nearly concordant with an upper intercept of 2704 ± 60 Ma (2σ; mean square of weighted deviates [MSWD] of 0.1), which is interpreted as the age of crystallization of the quartz veins. Samples of biotite, sericite, and fuchsite alteration zones along quartz veins were collected for 40 Ar dating to establish the timing of mineralization in the Abino property. Biotite alteration appears to be earlier than both sericite and fuchsite. Results of 40 Ar-39 Ar step heating analysis are summarized in (ESM 3), and 40 Ar spectra are presented in Fig. 8. Step heating of biotite produced a flat, concordant age spectrum with an apparent age of 2497 ± 26 Ma (2σ; MSWD = 0.31; 39 Ar released = 100%). Sericite and fuchsite produced very similar results. Age spectra rise more or less monotonically from~2100 Ma in the relatively lowtemperature steps to step 4, where successive ages give rise to plateau-like segments of 2467 ± 27 Ma (2σ; 3 9 A r r e l e a s e d = 6 2 . 4 % ) a n d 2454 ± 26 Ma (2σ ; MSWD = 0.59; 3 9 Ar released = 60.4%), respectively. Ca/K values are low and consistent, typical for mica, and radiogenic yields (% 40 Ar*) are high, thus indicating a homogeneous sample that has not undergone recent alteration.
Discussion Carbonitization (stage 1)
Carbonate veins formed throughout the deformational history of the Red Lake greenstone belt. An extensive system of barren carbonate veins represents the first significant hydrothermal event (stage 1) in the East Bay area developed during the first deformational event. These veins contain ferroan dolomite or ankerite, occur along major structures, developed pathways for later fluid transport, and carbonatized the surrounding host rocks (Dubé et al. 2001; Dubé and Gosselin 2007) . The δ 13 C values of −2.1 to 3.7‰ in all generations of carbonate veins in the East Bay area are elevated relative to typical carbonate veins in auriferous systems such as the Abitibi belt (δ 13 C range of −8.5 to −2.7‰) ( Fig. 6 ; Kerrich et al. 1987 ). The δ 13 C values of East Bay are similar to carbonate in veins from the Campbell Mine, eastern Red Lake greenstone belt (El Balili and Hattori 1998; Tarnocai 2000) . The presence and interaction with marine carbonates could explain the high δ 13 C values of up to +4.0‰, but it is unlikely as there is little evidence of pre-existing marine carbonate units throughout the eastern Red Lake greenstone belt ( Ta r n o ca i 20 0 0; S an b or n-B ar ri e et a l . 2 00 1) .
Temperature, E h , and pH are parameters that can affect δ 13 C values during precipitation, as well as the carbon isotope composition of the fluid (Ohmoto and Rye 1979 ). An isotopic shift towards positive values is generally controlled by the degree of reduction that the fluid undergoes during transport. Consequently, the δ 13 C composition will depend on the oxidation of reduced carbon, the degree of dissolution of enriched carbon, and the addition of CH 4 to the fluid (Tarnocai 2000) . The presence of methane in the fluid inclusions can explain the positive δ 13 C shifts during vapor phase extraction (Kerrich 1987; Tarnocai 2000) . Silicification (stages 2, 3, and 4)
The D 2 structures that developed during peak metamorphism in the Red Lake greenstone belt acted as important pathways for fluid movement during the main ore stage events (Menard et al. 1999; Tarnocai 2000) . The high fluid pressures reactivated pre-existing pathways and caused silica flooding in surrounding host rocks. Silica-rich fluids that did not react with carbonate formed barren veins. The δ
18
O values (0.0 to 8.5‰) of quartz from barren veins (stage 2) are distinctly lower than in mineralized veins (stage 3a, b; 9.6 to 13.1‰; Fig. 9 ). At Abino, this relation is reversed and likely caused by the same post-depositional modification process as in the Meguna Terrane, Nova Scotia (Kontak et al. 2011) . The isotopic differences between barren and mineralized veins are most likely due to variations in fluid-rock ratio (Saunders et al. 2008) . Changes in temperature can also affect the oxygen isotopic composition in quartz. However, the temperature range in these veins is relatively narrow, similar to the Juneau Gold Belt, Alaska (Goldfarb et al. 1991) .
The quartz-tourmaline veins (stage 4) in Abino and Marboy formed at a temperature of~220°C. This temperature is similar to the homogenization temperatures for fluid inclusions in quartz from these veins and suggests that stage 4 veins formed at shallow crustal levels (<3 km ; Roedder 1984) . The temperature estimates of~400°C (peak metamorphism; Chi et al. 2010 ) are about 180°C higher than stage 4 veins in the East Bay area. The δ
18 O values of ore fluids that formed quartz-tourmaline veins are 7.0‰ at Marboy and 7.2‰ at Abino and indicate that the fluids were derived from a similar source. Chi et al. (2010) also used oxygen isotope equilibrium temperatures for quartz-tourmaline pairs from the Buffalo Mine site, north of the town of Red Lake. They calculated δ
O fluid values between 5.6 and 7.1‰, indicating that the fluids associated with quartz-tourmaline veins in the central and eastern portions of the belt may have been derived from a similar source. 
Gold depositional mechanisms along the East Bay trend
Multiple fluid events affected the East Bay area, given the variety of vein types and fluid inclusions (MacGeehan and Hodgson 1982; Dubé et al. 2001) . Based on fluid inclusion, assay, and petrographic data, the main gold mineralizing event is associated with stage 3 veins.
Fluids trapped within primary fluid inclusions from stage 3 (a and b) mineralized veins are two-phase (liquid + vapor) and three-phase (liquid + liquid + vapor) and indicate that CO 2 fluid immiscibility and effervescence are the dominant mechanisms contributing to gold deposition.
The measured homogenization temperatures of~250°C are~75-150°C lower than those reported from typical mesozonal gold deposits (Wilkinson 2001) . Calculated salinities indicate that the auriferous fluids from East Bay are more saline than in typical epizonal or mesozonal gold systems (Fig. 10) . Chi et al. (2010) proposed mixing between metamorphic fluids and magmatic fluids associated with syntectonic intrusions as a mechanism for gold precipitation at the Buffalo Mine in Red Lake. Mixing with a magmaticporphyry fluid can account for elevated salinity in auriferous veins, relative to typical epizonal and mesozonal values (Wilkinson 2001; Chi et al. 2010) , which seems to be the case for fluids.
The fluid inclusion data indicate that there are multiple depositional mechanisms responsible for gold precipitation in the EB deposits. These mechanisms include (i) fluid immiscibility (three-phase inclusions); (ii) effervescence, especially barren veins, indicated by variable liquid-vapor ratios; and (iii) fluid mixing indicated by the wide range in homogenization temperatures and salinities within fluid inclusion assemblages (e.g., Chevron deposit).
The presence of auriferous quartz veins (stage 3) that occur along the same structures that host stage 1 carbonate veins are uncommon in the East Bay area and are restricted to the McMarmac/Tuckers Knob region. This association is very similar to ore-bearing veins at the Red Lake and Campbell mines (Penczak and Mason 1997; Dubé et al. 2002) . The interaction between ferroan carbonate and siliceous fluids can destabilize gold-bisulfide complexes (e.g., sulfidization of the iron component) and locally precipitate gold, allowing siliceous veins to contain gold within otherwise barren carbonate veins (Rickard and Luthor 2007) . In summary, no single mechanism appears to be responsible for the deposition of gold along the East Bay trend but rather a combination of mechanisms.
Timing of gold mineralization
The titanite U-Pb ages of~2700 Ma are consistent with mineralization ages reported from Red Lake (e.g., Corfu and Andrews 1987) . However, the 40 Ar dates of the alteration minerals from Abino are within error of each other, giving a mean value of 2473 ± 15 Ma (MSWD = 2.9), and are~150-200 Ma younger than the host granodiorite (emplacement age of~2720 Ma; Corfu and Andrews 1987) . Micas from the A.W. White, Cochenour, and Campbell mines (along the Mine trend) show steadily rising age spectra from 2000 to~2600 Ma ( Fig. 8 ; McMaster 1987) with the higher temperature steps~100 Myr older than the ages obtained for mica from the Abino shown. Overall, the shapes of most mica age spectra from the Red Lake district display a similar pattern of monotonically increasing ages to plateau-like segments (Fig. 8) and reflect partial argon loss during a lowtemperature thermal perturbation, possibly associated with the Trans-Hudson orogeny. In the North Caribou greenstone belt, the cluster of 40 Ar-39 Ar ages at~2500 Ma has been interpreted as exhumation-related cooling through the blocking temperatures of mica, around this time (Biczok et al. 2012 ). According to closure-temperature theory (Dodson 1986) , larger grains should preserve older ages than Fig. 9 smaller grains in slow-cooling terranes and similar ages in fast-cooling terranes. In the Red Lake district, mica 40 Ar-
39
Ar ages show a dispersion of over~100 Myr, and the variation in grain size of these micas is not significantly different as to affect its effective closure temperature. Consequently, we consider this range in ages of alteration minerals associated with gold mineralization to suggest that the fluid history in the Red Lake district was more protracted than previously thought.
East Bay gold deposits and genetic models
The gold occurrences along the East Bay trend exhibit a variety of characteristics that relate to different gold deposition styles. The Campbell deposit is considered to be a reworked, low-sulfidation epizonal deposit (Penzak and Mason 1997; Dubé and Gosselin 2007) . Most of the characteristics of the Red Lake deposits, including the East Bay showings, do not fit into a typical genetic model for epizonal gold. The various deposits in Red Lake have typical mesozonal characteristics (Chi et al. 2009 ) and have had a protracted fluid history. In response to changes in the tectonic regime, hydrothermal activity in the Red Lake greenstone belt persisted at different crustal levels (Chi et al. 2009 ).
Different mechanisms have greater importance at particular crustal levels or tectonic settings, making them more likely contributors to ore deposition based on the conditions of the given system (Mikucki 1998 ). The genetic model that incorporates most of our data is multi-staged, where auriferous veins (stage 3) were deposited near the upper boundary of the mesozonal regime (crustal depth of~5-6 km). Tectonic activity and metamorphism caused fluids and vein formation to transition from a shallower system into the mesozonal regime. This is similar to the model proposed by MacGeehan and Hodgson (1982) . High-pressure carbonaceous fluid (stage 1) injection created fluid pathways and formed carbonate breccias. As deformation in the belt progressed, regional structures localized fluid flow, initially precipitated stage 2, and followed by stage 3 quartz in the mesozonal regime. As these metamorphic fluids evolved, a magmatic component may have been introduced, likely from the intruding granitic bodies. This would account for increased fluid salinity and can explain variations in metal concentrations (Wilkinson 2001) . Fluid inclusion characteristics and geothermometry indicate that the fluids initially formed at moderate depths, and as the system evolved, subsequent fluids precipitated quartztourmaline veins (stage 4) at shallower crustal levels.
Conclusions
The East Bay trend is a structurally and geochemically complex corridor with historic mining and important future gold mining potential, as well as evidence for a protracted fluid history. Although the East Bay trend shares many similarities with the nearby Red Lake Mine trend, previous exploration projects have failed to discover world-class gold deposits along the East Bay trend. The deposits along East Bay are structurally controlled by S 1 or the intersection between S 1 and S 2 . Many of the veins are infill fractures or occur within extensional structures that provided a major pathway for fluid movement. Gold depositional mechanisms include immiscibility and effervescence. Mechanisms of lesser importance include local fluid mixing and sulfidation. The vein-forming fluids are primarily CO 2 rich, but aqueous fluids are more abundant along the East Bay trend than the Red Lake Gold Mine.
Along the East Bay trend, barren veins generally have lower δ
18
O values relative to auriferous veins, and therefore, the oxygen isotopic composition of quartz could be used as a vector for gold mineralization. The genetic model for the East Bay trend involves four stages of vein formation, where gold is deposited near the upper boundary of the mesozonal regime (crustal depth of~5-6 km).
